Echocardiography is one of the tools available for preparticipation screening and in determining sports eligibility (Corrado et al., 2005) . This includes measures of cardiac dimensions and, especially in indeterminate cases, cardiac function. As pointed out in a recent metaanalysis upon male athletes (Utomi et al., 2013) , the knowledge is limited regarding functional adaptations of the heart in female endurance athletes. This is in part due to the fact that there are relatively few studies in exclusively female athletes including a non-athletic control group.
There is unequivocal evidence of larger left ventricular (LV) dimensions and mass in both male (Pelliccia et al., 1996; Naylor et al., 2008) and female (Pelliccia et al., 1996; Whyte et al., 2004) endurance athletes compared with untrained individuals. However, we know less about adaptations of the right ventricle (RV) and atria (Henriksen et al., 1999; D'Andrea et al., 2013) , especially in female athletes. While there are a few previously published studies presenting limited measures of cardiac function in female athletes (George et al., 1999; Henriksen et al., 1999; Guazzi et al., 2001; Whyte et al., 2004) , studies utilizing novel echocardiographic modalities such as tissue Doppler imaging in female athletes are lacking.
Endurance sports impose high aerobic demands and female endurance athletes generally have a substantially greater maximal aerobic capacity (VO 2max ) compared with non-athletic women of similar age (Rubal et al., 1981; Saito & Matushita, 2004) . The higher VO2 max is to a large extent brought about by cardiac adaptations resulting in larger maximal stroke volume (Bassett & Howley, 2000) . The higher maximum stroke volume could theoretically be accomplished by increases in cardiac dimensions, systolic and/or diastolic function, or a combination of these factors. Previous studies have found a relationship between cardiac dimension and VO 2max in young men (Osborne et al., 1992) and in female rowers (Saito & Matushita, 2004) . How VO 2max is related to cardiac systolic and diastolic function in women with different degrees of aerobic fitness is yet to be elucidated. In respect of sports eligibility, the relation of VO 2max to cardiac dimension is of importance, as enlarged cavity dimensions paralleled by high aerobic capacity may be seen as a physiological rather than a pathological phenomenon.
The aims of this study were: (a) to determine and compare right and left cardiac dimensions and function in a group of female endurance athletes and in a group of non-athletic women of similar age; and (b) to explore how cardiac dimensions and function relate to VO 2max in the same women.
Methods

Subjects
Female athletes (ATH) competing on a national or regional level in a variety of endurance sports were recruited in 2008 to 2009 through contact with their clubs. To be included, athletes needed to be under 26 years of age, had been training for at least five years, and had started dedicated training before the age of 15. Female students not engaged in regular endurance or resistance training and of similar age as ATH were recruited as controls (CON). All subjects had to be healthy, nicotine-free, and non-pregnant. Using the Åstrand classification of aerobic fitness (Åstrand, 1960) , we excluded ATH presenting with an aerobic capacity categorized as "average" or lower (i.e., VO2max < 44 mL/kg/min), and CON presenting with "high" aerobic fitness according to the same classification (i.e., ≥ 49 mL/kg/min).
In accordance with inclusion and exclusion criteria, the final sample included 46 ATH and 48 CON. Orienteering was the most frequent sport exerted by the athletes (n = 17, 37%), followed by mid-and long-distance running (n = 6), triathlon (n = 5), canoeing (n = 5), biathlon (n = 4), cycling (n = 3), swimming (n = 3) and handball (n = 3). Athletes trained 13 ± 5 h/week on average and had been competing for 6 ± 2 years. A majority of ATH were among the top athletes in their sport, and six ATH had won medals in world-or European championships, 13 had won medals in national championships, and 11 had medals from junior national championships.
Informed consent was obtained from all subjects and the study was approved by the regional ethical review board in Linköping, Sweden.
Cardiopulmonary exercise testing
Subjects were instructed to refrain from heavy exercise 24 h before examination and keep at least 12 h of alcohol and caffeine abstinence. All participants underwent a maximal upright bicycle cardiopulmonary exercise test including a 6-min steady state workload of 100 W followed by a continuous increment in workload of 10 W each minute until exhaustion, using an electrically braked bicycle ergometer (eBike Basic, GE Medical Systems, GmbH, Freiburg, Germany) with continuous electrocardiographic monitoring (Marquette CASE 8000, GE Medical Systems, Milwaukee, WI, USA). Exhaled air was analyzed on a breath-bybreath basis for O2 and CO2 content and presented as 15-s averages (Jaeger Oxycon Pro, Viasys Healthcare, Hoechberg, Germany or MedGraphics CardiO2 and CPX/D Systems, Spiropharma, Denmark). Maximal oxygen consumption (VO2max) was determined as the average of the two highest consecutive measurements. Standard criteria for termination of exercise were used, aiming at VO2 leveling off and a respiratory exchange ratio > 1.1.
Echocardiographic examination
Echocardiographic examination (utilizing Vivid 7 or Vivid E9, GE Healthcare, Horten, Norway) was carried out just before, or on another day than the exercise test. Subjects were examined at rest in the lateral decubitus position. All data were stored digitally (EchoPAC version BT 11, GE Healthcare, Horten, Norway) enabling offline analysis.
M-mode was utilized for measurements of LV posterior and septal wall thickness in diastole (PWT and SWT, respectively) and LV internal diameter in end-diastole and end-systole (LVIDd and LVIDs, respectively), from which LV fractional shortening (LV-FS) was calculated. LV mass (LVM) and relative wall thickness (RWT) were calculated as:
] + 0.6} and RWT = (2 PWT)LVIDd −1 (Lang et al., 2006) . Systolic displacements of the mitral and tricuspid annular planes (LV-AVD, RV-AVD, respectively) were measured with M-mode echocardiography at four sites for each annular plane. The apical four-chamber view was used for measuring anterior and posterior parts of the RV-AVD, as well as for the lateral and septal parts of RV-AVD and LV-AVD, while the apical two-chamber view was used for measuring anterior and posterior parts of LV-AVD. Two-dimensional echocardiography was used for measuring basal diastolic right ventricular (RV) dimension (RVD1) and RV proximal outflow tract diameter (RVOT-Prox) (Rudski et al., 2010) , LV length in diastole (LVILd) and left and right atrial areas in systole (LAAs and RAAs). The modified Simpson biplane technique was used for calculating diastolic and systolic LV volumes (LVEDV and LVESV) and LV ejection fraction (LV-EF).
Pulsed-wave Doppler with a sample volume of 5 mm placed at the tip of the mitral leaflets was utilized in the four-chamber view to measure transmitral blood flow. Early diastolic (E) and late diastolic (A) filling velocities were recorded and E/A ratio was calculated. Blood flow velocity was also recorded 5-10 mm into the right pulmonary vein in systole (PS) and diastole (PD) and the PS/PD ratio was determined.
Color tissue Doppler imaging (TDI) was utilized in offline analysis to measure myocardial peak velocities in systole (s′), early (e′) and late (a′) diastole in the basal LV and RV. Measurements were averaged over two or three cardiac cycles, with markers of aortic valve opening and closure superimposed on color-TDI images, ensuring measurements from ejection and filling phase only. Basal RV velocity was determined by averaging measurements from the RV free wall and septum, while basal LV velocity was calculated by taking the average velocities of basal measurements from septal, anteroseptal, lateral, anterior, posterior, and posterolateral LV wall. The E/e′ ratio was calculated using an average of septal and lateral e′ (Nagueh et al., 2009) .
Body surface area (BSA) was used for indexing cardiac morphological measurements, adopting the approach of transferring BSA into the same dimension as the variable being scaled (Batterham & George, 1998) . One-dimensional measures (wall thickness, internal dimensions) were indexed by BSA 1/2 (root BSA), two-dimensional measures (atrial areas) were indexed by BSAand three-dimensional measures (LVM, LVEDV) were scaled by BSA 3/2 (cubed root BSA). Myocardial peak velocities and systolic displacement were indexed by LVILd, as it has previously been shown that these may be length-dependent because of the basal longitudinal function parameters representing a summation effect of the longitudinal contraction (Batterham et al., 2008) .
Statistical analysis
Data are presented as mean ± standard deviation, and range for anthropometric and dimensional variables. Differences in means between ATH and CON were tested with Student's t-test, and a P-value ≤ 0.05 was considered a statistically significant difference. IBM SPSS Statistics 21 was used for all data analysis (IBM Software, 2012, Armonk, New York, USA).
Correlation analysis was performed to explore relationships between VO2max and dimensional and functional cardiac variables. The strongest correlations were further explored by simple and multiple hierarchical linear regression. Correlation and regression
The heart in endurance trained females analysis was further used for investigating the influence of heart rate upon diastolic measures and LV length upon systolic longitudinal cardiac function.
Reproducibility
Inter-observer variability was tested against a second, experienced echocardiographist and was together with intra-observer variability explored in 16 randomly selected subjects by using the S-method first proposed by Dahlberg (1948) :
2 2 , where di is the difference between the i:th paired measurement and n is the number of differences. The covariance (in percent) was then calculated as the coefficient of variation (%COV) by dividing Smethod by overall means. Inter-observer COV: LV length (average of systolic and diastolic length) 4.8%, LVEDV 7.6%, LV-EF 5.6%, RV dimension (average of RVOTprox and RVD1) 7.2% and TDI-variables (average of S′, E′ and A′ measurements in four myocardial regions) 9.4%. Intra-observer COV: LV length 5.5%, LVEDV 10.7%, LV-EF 4.7%, RV dimension 8.4% and TDI-variables 10.7%.
Furthermore, the single measure intra-class correlation coefficient (ICC) was calculated for inter-and intra-observer variability in an absolute agreement two-way mixed model. 
Results
Subject characteristics and data from exercise testing are presented in Table 1 .
Echocardiographic data
Athletes presented with biventricular and bi-atrial enlargement compared with CON, with and without indexing by the appropriate power of BSA (Table 2) . After indexing, one-dimensional variables were 5-13% larger in ATH compared with CON, while two-and three-dimensional variables were 25-35% larger in ATH. Relative wall thickness was similar between groups (0.33 ± 0.05 in both ATH and CON, P = 0.998) while eccentric hypertrophy (i.e., LVM/BSA > 95 g/m 2 and RWT ≤ 0.42) (Lang et al., 2006) was apparent in 19 (41%) of the ATH and in two (4%) of the CON.
M-mode derived measures of LV and RV longitudinal function were 7% and 15% higher in ATH than in CON, respectively (Table 3) , while systolic myocardial peak velocity in the basal RV was 9% higher in ATH. Significant correlations were seen between LV length (LVILd) and LV-AVD (r = 0.379, P < 0.001), LV-s′ (r = 0.359, P = 0.001) and RV-AVD (r = 0.412, P < 0.001), but not with RV-s′. Regression models are presented in Fig. 1 . Indexing longitudinal displacement and peak myocardial velocities by LVILd modified the statistically significant differences, as seen in Table 3. LV mitral inflow velocities at rest were different between groups (Table 4 ). The 27% higher E/A ratio in ATH was the result of statistically significant higher E-wave (+8%) and lower A-wave (−13%) velocities in ATH. LV-E/e′ ratio was similar in ATH and CON. Significant correlations were seen between HR and A (r = 0.534, P < 0.001), E/A (r = −0.477, P < 0.001), LV-a′ (r = 0.404, P < 0.001) and LV-e′/a′ (r = −0.400, P < 0.001). Regression models are presented in Fig. 2 . The E-wave, LV-e′ and RV diastolic measures were found to be independent of HR, both in the whole group and in ATH and CON groups separately.
Aerobic capacity related to echocardiographic parameters VO 2max correlated to a higher extent with dimensional variables than any systolic or diastolic functional measurement, and relationships remained moderately strong when correlating VO 2max with LVEDV and LVM indexed by cubed root BSA (Table 5 ). After indexing measures of longitudinal function by LV length, only RV-AVD remained statistically significant when correlated with VO 2max (r = 0.357, P = 0.001).
The univariate regression model for LVEDV as single determinant of VO 2max (mL) was 742 + (20 × LVEDV), with R 2 0.503 (P < 0.001). Entering the most highly correlated dimensional, systolic and diastolic variable into a stepwise multiple regression resulted in a model with an adjusted R 2 of 0.547 (P < 0.001) with the following equation: VO 2max (mL) = −130 + (15 × LVEDV) + (53 BSA, body surface area; DBP, diastolic blood pressure; HRREST, resting heart rate; SBP, systolic blood pressure; VO2max, maximum oxygen uptake.
× RV-AVD) + (115 × E/A). Three univariate regression models are presented in Fig. 3 , where RVOT-Prox and RVD1 were condensed into one variable and LAAs and RAAs into another.
Discussion
We found that endurance-trained female athletes presented with substantial bi-atrial and biventricular dimensional remodeling compared with non-athletes, as well as with differences in systolic and diastolic functional characteristics at rest.
Cardiac dimensions
Our sample of female endurance athletes showed classic features of "athletes's heart", including lower HR at rest and elevated LV dimensions, volume, and mass. In addition, we found a proportional enlargement of the RV and both atria, and all differences remained statistically significant when indexing by BSA, indicating that the athletes in this study were highly trained. Several variables were larger than published reference values for healthy women (Lang et al., 2006) . No athlete exceeded a RWT of 0.42 while 12 (26%) had enlarged LVIDd (54-57 mm), 16 (35%) had a wall thickness above reference (10-12 mm) and 26 (57%) had a LVM above reference values (152-220 g). These findings corroborate a previous large-scale study in female endurance athletes (Pelliccia et al., 1996) , and a meta-analysis suggested higher upper limits for LVIDd and wall thickness in female endurance athletes (Whyte et al., 2004) . Current guidelines for measurement of right heart dimensions and function only present upper reference limits for a healthy population of intermixed ages and sex (Rudski et al., 2010) . The RV and RA in female athletes have rarely been studied. One of our athletes had a RVOT-Prox 1 mm above this 95% confidence limit reference value (>35 mm) and six (13%) athletes Image quality did not permit data acquisition of RVOT-prox in 3 ATH and RVD1 in 1 CON. Data presented as mean ± standard deviation and (range) for absolute measurements.
Bold styling denotes statistical significance.
LAAs, left atrial area in systole; LVEDV, left ventricular end-diastolic volume; LVIDd and LVILd, left ventricular internal diameter and internal length in diastole, respectively; LVM, left ventricular mass; PWT, posterior wall thickness; RAAs, right atrial area in systole; RVD1, right ventricular basal internal diameter in diastole; RVOT-Prox, proximal right ventricular outflow tract diameter in diastole; SWT, septal wall thickness. 2 ), whereas none of the controls exceeded upper reference limits. It is noteworthy that the mean values of RV measurements found in ATH in the current study are almost identical to those found by Henriksen et al. (1999) in elite female orienteers, and a recent study in a mixed sample of men and women found differences between athletes and controls of similar magnitude as in the present study (D'Andrea et al., 2013) .
Systolic function
Systolic displacement of the left and right atrioventricular planes was larger in ATH, paralleled by higher RV-s′ (but not LV-s′) in ATH, which could imply that at least the RV adapts to training with increases in longitudinal motion. Others have shown that about 60% of the LV stroke volume in both athletes and untrained subjects comes from displacement of the atrio-ventricular plane (Carlsson et al., 2007) . It is noteworthy and of importance that the differences in longitudinal cardiac function were altered after indexing by cardiac length, with eradication of statistically significant larger LV-AVD and RV-s′ in ATH, and introduction of a statistically significant higher LV-s′ in CON. Previous results are conflicting regarding left and right ventricular adaptation in longitudinal systolic function following endurance training. In studies upon predominantly male subjects, higher LV-AVD (Carlhall et al., 2001 ) and LV-s′ (Caso et al., 2002; Koc et al., 2007) have been shown in ATH, while other report similar LV-AVD (Wisloff et al., 2001 ) and LV-s′ (Pela et al., 2004; Poh et al., 2008) in ATH and CON. RV-s′ is consistently reported higher in athletes (Caso et al., 2002; Pela et al., 2004; Koc et al., 2007; Poh et al., 2008) while one study (Carlhall et al., 2001 ) report higher RV-AVD in male ATH than in CON.
Although Batterham et al. (2008) previously pointed out that LV elongation in athletes is important as this may influence longitudinal function, all but one (Pela et al., 2004) of previous studies comparing athletes with control subjects have refrained from indexing by LVILd. The basal displacement and velocities in the heart may be seen as total longitudinal myocyte contraction along the LV and RV walls, and both LV-AVD and myocardial velocities have been shown to increase from the apex toward the base (Carlsson et al., 2007; Krieg et al., 2007) . As LVILd is measured from the base to the apex, it may be seen to represent total cardiac length and may be used for indexing RV as well as LV length. We concur with previous authors (Pela et al., 2004; Krieg et al., 2007; Batterham et al., 2008) suggesting that the results of studies presenting differences in non-indexed longitudinal velocities should be interpreted cautiously.
Diastolic function
We found enhanced measures of diastolic LV function at rest in ATH, which could reflect more efficient LV relaxation. Our finding of higher E-wave velocity in ATH compared with CON is of special interest, as the E-wave, in contrast to the A-wave and E/A ratio, was found to be independent of heart rate. As the A-wave is thought to decrease with lower HR, as atrial contraction becomes less important with longer LV filling time, bradycardia in athletes with consequent decrease in A-wave velocity is suggested to account for the common finding of increased E/A ratios in athletes (Pelliccia et al., 1996; Whyte et al., 2004) . The difference in E/A ratio in this study may thus partly be explained by a lower HR at rest in ATH, but the higher E indicates a true difference in LV relaxation, and thereby diastolic function at rest. Enhanced E-wave velocity in female ATH has to our knowledge not been reported previously. Pelliccia et al. (1996) reported higher E/A ratio in female athletes, attributed to lower A in athletes, while others report similar E/A ratios in different populations of trained vs untrained women (George et al., 1999; Guazzi et al., 2001 ). However, there are studies that provide support for an enhanced mitral E-wave velocity in populations that include both male and female athletes (Palka et al., 1999; Zoncu et al., 2002; D'Andrea et al., 2013) and in male athlete groups (Karjalainen et al., 1997; Nottin et al., 2004; Baggish et al., 2010) .
Diastolic RV function in female athlete vs control comparisons has been reported being similar (Guazzi et al., 2001) , while one study in male athletes found higher RV-e′ in ATH (Popovic et al., 2011) . This discrepancy could be due to different populations of athletes regarding type of sport, training dose or possibly on a sex-related difference in how the RV adapts to exercise. However, Baggish et al. (2008) report similar RV diastolic myocardial velocities in male and female rowers prior to 90 days of training.
Aerobic capacity related to cardiac dimensions and function
We found that LVEDV could explain 50% of the variability in VO 2max , while inclusion of RV-AVD and E/A into the model had little impact on the ability to predict VO 2max . Nevertheless, there were statistically significant correlations between measures of systolic and diastolic function and VO 2max , which may indicate that differences in diastolic and systolic function between ATH and CON may contribute to an ability of ATH to achieve higher VO 2max .
Previously, Saito and Matushita (2004) have found a strong correlation between LVM and VO 2max and athletic performance in 22 female rowers. A strong relationship between LVM and VO 2max was also found in studies utilizing cardiac magnetic resonance imaging in male and female subjects (Steding et al., 2010; La Gerche et al., 2012) . However, there are authors reporting RV 12.0 ± 1.6 11.6 ± 1.6 0.274 LV-a' (cm/s) 3.2 ± 0.8 3.4 ± 0.9 0.197 RV-a' (cm/s) 5.3 ± 1.4 5.1 ± 1.5 0.584 LV-e'/a' 4.0 ± 1.2 3.6 ± 0.9 0.063 RV-e'/a' 2.4 ± 0.7 2.5 ± 0.9 0.728 LV-E/e' 7.8 ± 2.0 7.4 ± 1.1 0.318 *Image quality did not permit data acquisition of E in 1 ATH; LV-e' in 6 CON; LV-a' in 5 CON and RV-a' in 3 CON. Bold styling denotes statistical significance. E and A, early and late diastolic inflow velocities into the LV; LV and RV, left and right ventricular; e' and a', early and late diastolic myocardial peak velocities, respectively; PS and PD, systolic and diastolic blood velocities in the pulmonary vein, respectively.
function rather than RV dimension (Popovic et al., 2011) and LV function rather than LV dimensions (Vanoverschelde et al., 1993) as predictors for VO 2max .
Comparisons between male and female athletes lie beyond the scope of this article. However, we believe several aspects of the current results are noteworthy regardless of sex, including the finding of a dependency of mitral A-wave and LV-a′ on heart rate and the need to take LV length into account when interpreting longitudinal systolic function. Furthermore, applying the approach of scaling cardiac dimensions by the appropriate power of BSA may aid in future comparisons between male and female athletes, as this may prevent over-and underestimating the influence of differences in body composition between sexes.
Limitations
The cross-sectional design has built-in limitations in determining causality, and thus, we cannot rule out the Fig. 2 . Left ventricular (LV) diastolic measures and associations with heart rate at rest. Panels 2a and 2b present independency of early diastolic blood flow velocity over the mitral valve (E) and basal left ventricular myocardial peak velocities in early diastole (LV-e′) from heart rate at rest. Panels 2c and 2d show how late diastolic blood flow velocity over the mitral valve (A) and late diastolic myocardial velocities in the basal LV (LV-a′) were partially explained by heart rate at rest. Fit-line for all subjects presented with 95% confidence limits of the mean.
possibility that the differences between athletes and controls were due to constitutional factors. However, to reduce this risk we present cardiac dimensions indexed by body size and functional variables by heart size, and cardiac dimensions were still highly statistically different between groups. The present study was designed for echocardiographic measurements at rest only which leaves us without data during exercise, and how this relates to aerobic capacity.
Perspectives
For the physiologist interested in differences between cardiac function and dimensions in trained vs untrained women, this study adds knowledge by presenting exclusively female athletes and age-matched controls. Data regarding longitudinal function, as well as atrial and right ventricular measurements are scarce regarding female athletes, and our data may provide support in decisions on sports eligibility. We also provide data on the cardiac determinants of VO 2max in women, which may be helpful in understanding differences between athletes and controls. Furthermore, our results imply that scaling measures of longitudinal heart function by cardiac length is important when comparing athletes with cardiac enlargement with controls, which is a practice not routinely applied. We have shown that some measurements of diastolic function are influenced by heart rate, which must be taken into account in interpreting differences between athletes and controls.
Key words: Echocardiography, sports cardiology, maximal oxygen uptake, endurance exercise, diastolic function. Fig. 3 . Univariate regression models for predicting maximal oxygen uptake (VO2max). Panels 3a-b show relationship between VO2max and the sum of left and right atrial area (3a) and sum of right inflow (RVD1) and outflow tract (RVOT-Prox) dimensions (3b). Panel 3c shows relationship between left ventricular end-diastolic volume and VO2max. Fit-line for all subjects presented with 95% confidence limits of the mean.
